A high resolution study of the rotational spectrum of formaldoxime was carried out with the aim to resolve a discrepancy between early microwave results and recent ab initio calculations. Accurate 14 N quadrupole coupling constants and spin-rotation coupling constants could be derived from zero field hfs multiplets. From the Zeeman-splittings in external magnetic fields up to 18kGauss the diagonal elements of the molecular g-tensor and the anisotropics in the diagonal elements of the molecular magnetic susceptibility tensor were obtained and were used to derive the diagonal elements of the molecular electric quadrupole moment tensor. For comparison, Hartree Fock SCF calculations were carried out with a basis of TZVP quality. As it turned out such calculations are able to reproduce the molecular electric quadrupole moment tensor but fail to reproduce the 14 N nuclear qudrupole coupling constants to better than 0.3 MHz. A revised formula to predict spinrotation coupling constants of first row elements such as nitrogen is also proposed.
Introduction
The microwave spectrum of formaldoxime, H 2 C = NOH, was studied first by Levine [1] [2] [3] and independently by Pillai [4] . These studies lead to the complete substitution structure (r s -structure) shown in Figure 1 . They also lead to moderately accurate experimental values for the electric dipole moment [1] and for the nitrogen quadrupole coupling tensor. Later this original work was complemented by Kaushik and Tagaki [5] who presented a centrifugal distortion analysis and distortion corrected rotational constants. Recently Palmer [6] has presented SCF ab initio results of TZVP quality (triple zeta valence plus polarization) for the quadrupole coupling constants which deviated from the early microwave results. In the meantime Gerber and Huber [7] have presented evidence that present-day ab initio methods quite in general have difficulties in calculating the electric field gradients at sp 2 -hybridized nitrogen nuclei.
In the following we report the results of a high resolution microwave Fourier transform study which also includes the investigation of the molecular rotational Zeeman-effect. From this study we are now able to present molecular quadrupole coupling constants Reprint requests to Prof. Dr. D. H. Sutter, Institut für Physikalische Chemie, Universität Kiel, Olshausenstr. 40-60, D-2300 Kiel 1.
with considerably reduced experimental uncertainties for better comparison with ab initio results. The high resolution which could be achieved made it possible to determine also the 14 N spin-rotation coupling constants for the first time. Furthermore, from the highfield rotational Zeeman-effect splittings, experimental values could be determined for the diagonal elements of the molecular magnetic p-tensor and for the anisotropics in the molecular magnetic susceptibility tensor. These Zeeman data could be used to derive the Parallel to the experiments, Hartree Fock SCF calculations were carried out. Combining the experimental data with our new ab initio value for the out-ofplane second electronic moment, <c 2 >, we can also predict a fairly accurate value for the hitherto unknown magnetic bulk susceptibility. Finally the nitrogen spin-rotation coupling constants, the nuclear quadrupole coupling constants, and the molecular electric quadrupole moments are discussed in comparison to quantum chemical results.
Experimental
Formaldoxime was prepared from formaldehyde and hydroxylamine hydrochloride as described in [8] . The sample, a white powder, was sublimized at room temperature into the brass waveguide absorption cells. The cells themselves were cooled by methanol circulating at a temperature of -60 °C in a cooling jacket attached to the absorption cells. Sample pressures were kept close to 1 mTorr. Since the quality of the signals slowly degraded, the cells were evacuated and refilled after about one hour of measuring time.
The spectra were recorded with our new Fourier transform spectrometer described in [9, 10] . Under the conditions mentioned above, typical effective relaxation times, T 2 , were on the order of 7 psec. This corresponds to full widths at half height of 23 kHz in standard CW absorption spectroscopy. Both and /* b -type transitions were investigated. Since, for closely spaced lines, the standard discrete Fourier transform technique leads to comparatively large deviations of the peaks of the power spectra with respect to the true resonance frequency [11] [12] [13] , the observed transient molecular signals were analysed in a two step procedure. First indeed a discrete Fourier transform analysis was carried out, but this analysis only provided the initial values for a subsequent nonlinear iterative least squares fit of the frequencies, amplitudes, phases, and decay times directly to the observed decays [14] .
For the Zeeman studies, the absorption cells were located between the pole faces of a powerful electromagnet with a gap length of 2.5 m. (For details compare Chapt. 3 A of [15] .) The magnetic field was recorded with a Rawson Lush 920 M rotating coil gaussmeter calibrated to better than 1 Gauss against an NMR probe. The experimental uncertainty in the magnetic field was determined by the long time stability of the current stabilized power supply of the electromagnet. However, over a period of 1 hour the field fluctuations at the center of the gap never exceeded 5 Gauss. To give an impression of the quality of the spectra obtained in the present investigation we present a zero-field and a high-field Zeeman spectrum in Figs. 2 and 3 , respectively.
Analysis of the Observed hfs-and Zeeman-hfs Multiplets
The zero-field 14 N hfs multiplets of a total of 12 low-J rotational transitions, 7 of a-type and 5 of fr-type, were recorded. They were analysed within the standard rigid rotor approximation taking into account the 14 N nuclear quadrupole interaction and the 14 N spin-rotation interaction (see (2) and (3) of [16] and references cited therein).
In Table 1 we list the 14 N quadrupole constants and the spin-rotation coupling constants for formaldoxime. They were obtained from an iterative least squares fit to the observed hfs multiplets (see Table 3 ). Also given are the rotational constants [5] , since they enter into the fit via the angular momentum expectation values. In Table 2 we give the correlation coefficient matrix of this fit. The hfs splittings listed in Table 3 are given with respect to the hypothetical center frequencies of the multiplets [17] . Also given in this Table are the relative intensities of the satellites as they would be observed in a standard CW spectrometer.
For the analysis of the Zeeman-hfs multiplets the zero field Hamiltonian was supplemented by the first and second order Zeeman-effect [15] and the nuclear Zeeman-effect of the nitrogen nucleus as described by (6) through (9) of [16] . The nitrogen g-value, v = 0.4036, and the values for the fundamental constants were taken from the appendices E and D of [18] .
14 N nuclear shielding, or better its anisotropy, was neglected. Our observed Zeeman-hfs splittings are presented in Table 4 . Since the magnetic field effectively uncouples spin and overall rotation (compare [15] and Table 3 , the splittings are given with respect to the hypothetical center frequency of the transition. In Table 5 we present our optimized molecular gf-values and molecular magnetic susceptibility anisotropies. They were fitted to the observed splittings as described in [20] . Due to the presence of the quadrupole nucleus, the sign of the g-values could be determined from intermediate field multiplets [15, 19] . The opposite choice of signs could also be discarded for a second reason. It would lead to a negative value for the out-of-plane second electronic moment <c 2 >, which is clearly impossible. In Table 6 we give the correlation coefficient matrix of the fit. We note that even with an apparently large correlation coefficient of 0.971, g bb and g cc are still well determined. Table 3 . Measured transition frequencies used for fitting the nuclear quadrupole coupling constants and the spin-rotation coupling constants of formaldoxime. Also given are the calculated and observed frequency splittings with respect to the hypothetical center frequency and the relative intensities which would be observed in a standard CW absorption spectrometer. 
Derived Molecular Quantities a) The Diagonal Elements of the Molecular Electric Quadrupole Moment Tensor
The molecular g-tensor elements and magnetic susceptibility anisotropies can be used to derive the diagonal elements of the molecular electric quadrupole moment tensor with respect to the principal inertia axes system ([21] and (11) through (14) [15] ). They are of use for comparison with ab initio results and for the theoretical treatment of intermolecular interactions at close range.
b) The Anisotropies in the Second Moments of the Electronic Charge Distribution
From the knowledge of the structure of the nuclear frame it is also possible to obtain experimental values for the anisotropies in the second moments of the electronic charge distribution as given by (see Chapt. A of [15] and (16) (and cyclic permutations). This equation is valid in the rigid nuclear frame approximation. Since vibronic ground state expectation values enter for the ^-values, rotational constants and susceptibility anisotropies, while r s -structural data enter for the nuclear configuration, the meaning of the anisotropies determined by (2) is slightly blurred. However, the nuclear second moments which enter into (2) are fairly insensitive with respect to slight changes in the structure. We therefore believe that for them an assumed uncertainty of 0.1 • 10" 16 cm 2 is a very conservative estimate and that anisotropies determined from (2) are still meaningful for comparison with quantum chemical results.
We present our molecular electric quadrupole moments and the anisotropies in the second moments of electronic charge distribution in Table 7 . Also given for comparison are the corresponding values calculated from Hartree Fock SCF wavefunctions with the "Gaussian 86" progam package [22] , These quantum chemical calculations were carried out at the ^-structure shown in Figure 1 . The standard basis 6-311 G**, i.e. triple zeta with polarization (p-orbitals at H and d-orbitals at C, N, O) was used for this calculation.
c) The Individual Components of the Magnetic Susceptibility Tensor and of the Second Moments of the Electronic Charge Distribution
If the experimental value for the bulk susceptibility were known, which is not the case, also the individual components of the magnetic susceptibility tensor, c aa , C bb , C cc , and the individual second electronic mo- Table 7 . Components of the molecular electric quadrupole moment tensor and anisotropies in the second moments of the electronic charge distribution as calculated from the experimental data. Also given are the corresponding theoretical values. The second moments of the nuclear charge distribution which enter into (2) follow from the restructure shown in Fig. 1 
Solving (3) for (£ cc -£ aa -£ bb ) and combining this value with the experimental susceptibility anisotropies from Table 5 The given uncertainties follow by gaussian error propagation taking into account the experimental uncertainties given in Table 5 and an assumed uncertainty of 0. 
Molecular Electric Quadrupole Moment Tensor with Quantum Chemical Calculations a) Spin-Rotation Coupling
Spin-rotation coupling arises from the interaction of the nuclear magnetic dipole moment (here the 14 N dipole) with the magnetic field caused by the overall rotation of the molecular charge distribution. Since the latter is associated with J while the former is associated with /, and since the size of the magnetic field also depends on the orientation of the axis of rotation within the molecule, it may be written phenomenologically (in frequency units) as
where M is the spin-rotation coupling tensor. From a detailed theoretical treatment, Flygare [23] has derived the expressions for the M-tensor elements ((6) of [23]). They contain a nuclear contribution which is easily calculated from the known structure, and an electronic contribution which involves a perturbation sum over electronic momentum operators. Within a "localized theory" Flygare also proposed an approximate expression for the latter: 
(and cyclic permutations) with a nN = a n -a N and a iN = fl i -a N the a-coordinates of the n-th nucleus and the /-th electron with respect to the nitrogen nucleus, and with r nN and r iN the corresponding distances. The "Gaussian 86" program package was used to calculate these expectation values with 6-311G** Hartree Fock SCF wavefunctions. In order to get a feeling for the vibrational dependence we did not only run the program for the restructure but also for an additional OH-torsional angle t = 20° (rather than T = 0°), for two additional CNO-angles, ß, and for a torsional around the C = N double bond. Except for the one angle changed, all other structural parameters were held fixed to their revalues. The results are given in Table 9 , in which we present the electric field gradients in atomic units rather than the second derivatives of the Coulomb potential. (The latter follow by multiplication with -| e | /al with a 0 -Bohr's radius.) To convert the field gradients into the experimental quadrupole coupling constants according to (6), the 14 N nuclear quadrupole moment Q should be known. Unfortunately its exact value appears to be still unknown. We Table 9 . 6-311G** field gradients at the 14 N nucleus (in atomic units) calculated at the restructure (see Fig. 1 ) for an OH-torsion angle T = 20°, for extra CNO-angles of 120.2° and 100.2°. In addition, the torsion of the methylen-group was taken into account by carrying out calculations on another two configurations: a 10° torsion of the methylene group combined with a +20° (a) and -20° (b) torsion of the OH-group, respectively. (compare also [7] ). With a conversion factor -0.234973 MHz a.u.
Qaa
-1 mbarn -1 to convert from the field gradients (in atomic units) and the nuclear quadrupole moment (in mbarn) to the quadrupole coupling constants, the values given in Table 10 are obtained. Clearly the calculated coupling constants differ from the experimental values well outside the quoted uncertainties. Reasons for this discrepancy might be: a) our neglection of vibrational averaging, b) our neglection of electron correlation in the ab initio treatment, c) deficiencies of the basis set.
In view of the fact that the field gradients calculated at different geometries only lead to minor changes (on the order of 0.3% or less if averaged over the corresponding vibration), vibrational influences appear to be of minor importance. Thus, the discrepancies seem to be caused essentially by errors in the electronic expectation value in (7) . For each choice of Q these errors may be estimated from the experimental coub Fig. 4 . Orientation of the molecular electric quadrupole moment tensor calculated from the TZVP values of Table 7 and Q ab = 4.4325 • 10~2 6 esu cm 2 . 6 az = 21.56°; Q x = -4.6576 • 10" 26 esu cm 2 ; Q z = 8.3122 • 10" 26 esu cm 2 . 0 az denotes the angle between the a-axis of the principal inertia axes system and the z-axis of the coupling tensor.
pling constants and from the nuclear contributions to the second derivatives of the intramolecular Coulomb potential. As it turns out, the ab initio results for the electronic contributions are by 10 to 20% too large (depending on the choice of Q). We note that the necessity for such a systematic downscaling of the electronic contribution to the field gradients calculated by SCF methods was demonstrated recently by Brown and Head-Gordon [32], and we believe that it is mainly caused by the neglect of electron correlation *.
c) The Molecular Electric Quadrupole Moments
While the SCF 6-311 G** wavefunctions fail to reproduce the 14 N quadrupole coupling constants satisfactorily, they lead to molecular electric quadrupole moments which are in pleasing agreement with the experiment. They are given in Table 7 . We are therefore rather confident that the SCF value for the only off-diagonal element of the molecular quadrupole moment tensor is fairly accurate too, and we present the orientation of the tensor in Figure 4 .
